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1. INTRODUCTION

OBJECTIVE OF PROPOSED WORK

The objective of this project is to systematically investigate using
numerical models the mechanics of deformation and progressive failure in ice
for the purpose of predicting global forces and local pressures on offshore
structures proposed for deployment in the Arctic. The focus is on ice
sheets interacting with rigid cylindrical indenters. The project involves
the following three major areas of study:

1. Development of constitutive models to characterize the mechanical

behavior of sea ice.

2., Development of finite element methods of analysis to account for

the simultaneous occurrence of viscous (rate dependent) and fracture
behavior in ice, and time varying contact between ice and structure.

3, Numerical solution of ice-structure interaction processes for

selected ice features and structural configurations to predict

global forces and local pressures.

BACKGROUND

As much as 30-40 percent of the U.S. undiscovered hydrocarbon
recoverable reserves, comparable in magnitude to those of the Persian Gulf,
are estimated to lie in the Arctic. The extraction of these resources in an
economicai and safe manner poses many technical challenges to offshore
engineering. At the root of these problems is the severe environment
created by perennial ice features that impart global forces and local

pressures on structures which are several times greater than those from waves
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in non-Arctic environments. Typically, two levels of ice loading are
considered for design purposes. Global ice loads govern the overall
structural geometry and dimensions as well as the foundation design, while
local ice pressures are likely to dictate wall thicknesses and local
framing, and may well govern structural cost.
Most of the emphasis in research has been on predicting global forces.
Only during recent years, as the focus changed from overall feasibility to
preliminary and detailed design, has the importance of local pressures
emerged. It is widely recognized that significant uncertainties exist in
the ice load models in use today and that some design loads may be
overestimated by an order of magntidue. Research is necessary to quantify
the uncertainties in ice loads and to develop improved load prediction
models for the safe and economical design of structures.
Uncertainties in existing ice load models arise primarily from five
sources:
© Incomplete modeling of the mechanical behavior of ice,
including temperature and fracture effects.
© Empiricism in existing theoretical models resulting from the
use of approximate analysis methods.
® Inadequate modeling of the contact forces at the ice-structure
interface.
® Neglectin§ the effect of scale/size on material sﬁ;ength.
® Not accounting for the finiteness of environmental and other
forces driving the ice features.,
In order to quantify these uncertainties and to better predict global

and local ice loads, numerical models are necessary for computer simulation
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of ice-structure interaction processes. In contrast to analytical methods,
such models can realistically simulate the interaction accounting for
spatial-temporal variability in the mechanical behavior of ice and for
multiple modes of failure in ice.
The complexity of sea ice behavior is due mainly to:
@ Strong dependence on rate of loading, which is spatially and
temporally variable iﬁ ice features.
® Simultaneous occurrence of ductile, strain-softening, and brittle
modes of deformation.
® Pressure sensitivity leading to different strengths in compression
"and tension (at moderate-to-high rates of loading) and to melting
point depression.
® Material anisotropy leading to strength variation by a factor
of three.
® Strong dependence on temperature, varying in first year ice from
melting point at the water interface to perhaps -50°F at the air
interface.
® sStrong dependence on internal structure of ice (grain size, fabric,
brine volume, salinity, porosity), which is spatially varying
particularly in multi-year ice features.
A key aspect in the development of constitutive models is the need for
accuraté and consistent experimental data on ice, especially to characterize
its behavior relating to tensile™~loading, cyclic loading, multiaxial
loading, nucleation and interaction of cracks, material anisotropy, thermal
and structural gradients, and fracture toughness. Currently available data

is in many cases sufficient to postulate approximate constitutive models.
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Numerical simulations can help to establish the importance of more extensive
experimentation in quantifying ice-structure interactidn processes.
Finite element methods of analysis for simulating ice-structure
interaction processes are affected by the following research concerns:
® Rate dependent material behavior with negligible elastic
deformation.
® Initiation and propagation of cracks due to fracture.
@ Simultaneous occurrence of rate dependent and fracture behavior.
® Adfreeze bond and friction at ice~structure interface.
® Time-varying contact between ice and stucture and between
fractured ice features.

® Strain-softening of ice.

STAFFING

Dr. S. Shyam Sunder, Winslow Associate Professor of Civil Engineering,
is Principal Investigator for this project while Dr, Jerome J. Connor,
Professor of Civil Engineering, is Co-Principal Investigator. In addition,
two full-time graduate Research Assistants are participating in this
research. They are Mr. S-K Ting, a doctoral student with considerable
experience in concrete testing and dynamic behavior of offshore structures
(9/1/84 - 10/31/85); Mr. F.S. Chehayeb, a doctoral student whose background
is in numerical analysis and finite element methods (9/1/84 -5/31/85); Mr.
J. Ganguly, a master's student with expertise in computational mechanics
(6/1/85 - 1/15/86), and Mr. C-W. Chen, a doctoral student with strong
background in computational mechanics and many years of professional

experience in the nuclear power industry (1/1/86-5/31/86). Mr., Ting

successfully defended his doctoral thesis in October 1985.
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2. SUMMARY OF RESEARCH ACTIVITIES

The principal technical developments through the end of this reporting
period have been:
(1) The study of sea ice indentation in the creeping mode of
deformation.
(2) Initiation of research to study sea ice indentation accounting for
fracture behavior.
Specific accomplishments and current research directions are discussed

below.

SEA ICE INDENTATION IN THE CREEPING MODE

A study of ice indentation in the creeping mode is important for two
reasons: (a) creep is the predominant mode of deformation for artificial
islands in the Arctic nearshore region during "breakout" and/or steady
indentation conditions occurring in the winter, and (b) stresses, strains,
and strainrates within the continuum resulting from creep are necessary to
predict the nucleation, growth initiation and propagation of cracks when
viscous effects influence fracture. The latter scenario, which defines the
transition from ductile to brittle behavior, may represent the most severe
loading case since indentation pressures tend to be lower at very fast ice
movement rates.

Global and local pressures generated during sea ice indentation in the
creeping mode are being studied, accounting for the spatial variation of
strainrates. Two methods of anaiysis are being considered: (a) approximate
methods, i.e., upper-bound method and strain path method, and (b) . "exact"
method based on the finite element method. In both cases, a two-dimensional

jdealization of “the indentation process is considered. In order to provide



fLad

8
continuity with previous work, the isotropic, incompressible
three-dimensional extension of the uniaxial power-law creep model for ice
has been extensively studied. Pressures predicted with this model, and an
orthotropic generalization which accounts for material anisotropy, are being
compared with those from previously published formulas. In addition, ice
pressures have been obtained with the approximate methods for a new uniaxial
model that accounts for the stress-strain-strainrate behavior of sea ice,
including its strain-softening behavior.

The key differencé in the two approximate methods of analysis is that
point stresses within the continuum can be obtained with the strain path
method. As a result, local stresses at the ice-structure interface can be,
estimated, unlike the upper bound method which only yields the global pre-
ssure. However, both methodsvrely on an adequate specificiation of the
velocity field in the ice sheet. This is obtained through a combination of
theoretical médeling based on fluid mechanics and field ice movement survey
data from an artificial island in the Beaufort éeé. In particular, two
theoretical kinematic models-are considered: one resulting from the super-
position of a point source and a uniform flow (Kinematic Model A) that has
been proposed by Bruen & vivatrat; and the other resulting from the super-—
position of a doublet and a uniform flow (Kinematic Model B)e

The resﬁlts of the approximate methods indicate that:

(a) Kinematic Model B better models the ice movement survey data

used here than Kinematic Model A.
{b) In thevcreeping mode ;f jce deformation, local ice pressures
are of the same order of magnitude as the global pressures.
(¢) Under the same conditions, Kinematic Model B, the API model, and

the Ponter et al. model predict similar global pressurese.
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(d) The variation in global pressures for different power-law

model parameters (Wang, Sanderson, Ting & Shyam Sunder)- is

on the order of 30%.
A key finding of the work is that for rate-dependent material models
describing sea ice behavior, interface adfreeze and friction stresses can
significantly influence both local and global iee pressures. The only
realistic way to study these effects is through numerical models based on
the finite element method of analysis.

This research has been summafized in a paper entitled "Sea Ice Inden-
tation Accounting for Strain-Rate Variation", published in the proceedings
of the ASCE Specialty Conference: ARCTIC ;85 - Civil Engineering in the
Arctic Offshore held at San Francisco, CA, March 25-27, 1985,

A finite element formulation for general viscoplastic behavior
including creep (nonlinear viscoelasticity) has been developed and
implemented in a computer code called DECNEC {Discrete Element Computational
NEtwork Controller). A new bi-level solution algorithm has been developed
for fast convergence in problems where permanent deformations dominate.

This algorithm is based on a secant type iteration on the global equations

of motion and a Newton-Raphson (tangent type) iteration, combined with an

implicit numerical time integrator, on the rate-dependent constitutive
relations at each integration point within an element. A post-processor,
originally written at the Lawrence Livermore Laboratory, can be used in
conjunction with the computer code to produce graphical displayse. The
program has the ability to simulate a fixed, roller, free or frictional
contact between two deformable bodies. The fixed condition represents an
infinitely strong interface, the freg condition corresponds to no adfreeze

bond strength or frictional stresses, while the roller condition provides an
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intermediate solution. The current implementation is a two-dimensional
version for plane stress problems. A four noded quadrilateral element is
currently available. BAlthough an eight-noded gquadratic element is often
preferred (and may be included in the fgture), accurate results are obtained
with the four-noded element using a finer finite element mesh.

The accuracy of the computer code has been verified in two ways;
through the solution of simple test problems, and by comparing the
variability in predicted global pressures due to indenter diameter, material
model parameters, and ice sheet velocity with that predicted by approximate
methods of analysis. In both cases, the numerical solutions are accurate to
within specified tolerances typically achievable in finite element
analyses. |

Numerical simulations have been performed under plane stress conditions
to assess the influence of interface adfreeze and friction, variability in
material constants for an isotropic malti-axial power law creep model,
rubble pile or grounded ice foot, and ice sheet velocity on global forces
and local pressures generated on a rigid cylindrical indenter. The results
have been compared with those based on approximate methods of analysis.
Stress, strainrate, and strain countours have been obtained in addition to
the distribution of interface pressures.

The numerical simulations show that:

1. Global forces vary by a factor of 2.5 depending upon whether the
interface condition is-fixed (iﬁfinite adfreeze bond strength),
roller, or free (no adfreeze bond strength or interface friction).
The fixed condition is about 1.3 times and the free condition about

0.5 times the roller condition.
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Finite element analysis predictions of global pressure differ from
a modifiéd form of the upper bound sclution for Kinematic Model B by
less than 10% for varying velocity, indenter diameter, and material
constants. The modification is necessary since the two-dimensional
nature of the kinematic models makes the approximate solutions

strictly apply to plane strain conditions, and not to the plane

stress condition of interest.

The ratio of maximum normal interface pressure to global pressure
approximately varies in the range 0.36-1.16 depending upon the
interface condition. It is 0.36 for the fixed condition, 0.56 for
the roller condition, and 1.16 for the free condition.

The maximum (peak) normal interface pressures vary by a factor of
1.26 depending upon the interface condition. The fixed condition
is about 0.83 times and the free condition about 1.04 times the
roller condition. The maximum interface shear stress for the fixed
condition is about 0.81 times the corresponding maximum normal
pressure, However, a different boundary value problem involving a
smaller contact area, as opposed to contact over half the perimeter
in the free condition, will lead to higher interface pressures.
Pressure-area curves should be considered as providing the

maximum normal interface pressure for a given indenter area of
contact (form area), rather than the average integrated normal
pressure over a tributary loaded area for a structural component.
It is conservative to assume a uniform or rectangular distribut;on
of the local pressure over the indenter area of contact for

purposes of design.
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6. Tensile stresses, strains and strainrates occur almost all over the
ice sheet, and may be the key to explaining fracture behavior
during indentation. While biaxial compression and tension states
tend to occur for stress on the upstream and downstream sides,
respectively, the state of strain is almost always
compression-tension. The levels of tensile strain are often
sufficient to cause cracking even before steady state creep is
reached.

The possible effect of a grounded rubble pile or accreted ice foot on

ice pressures was assessed by defining an effective indenter equal to a
multiple (2.86) of the structural diameter. This resulted in a factor of
1.97 to 1.99 increase in global force. In the case of a grounded rubble
pile, it would be over conservative to consider that all this force is
transmitted to the foundation by the structure. On the other hand, the
force transmitted to the foundation by the structure would decrease by a
factor of about four if both the structure and the grounded rubble pile
could transmit a force proportional to the contact area of each with the
foundation. This may be reascnable only if the rubble pile is consolidated
and grounded fimly in the foundation scil such as in the case of constructed
ice packs. Further research is necessary to guantify the level of force
that can be directly transmitted to the foundation by a grounded rubble
pile.

The numerical simulations also showed that (i) even a factor of two
uncgrtainty in velocity will affect ice pressures only by about 20-30%, and
(ii) uncertainties in material constants for an isotropic power law creep
model may yield ice pressures that vary by about 15-30%, but natural

variability in sea ice strength can have a significant influence on the
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pressures. However, improved material models that include fracture and
temperature effects in addition to the transversely isotropic behavior of
sheet ice can have a major influence on ice pressure predictions.

This research has been summarized in a paper entitled "Sea Ice
Indentation in the Creeping Moée", published in the proceedings of the
17th Annual Offshore Technology Conference, Houston, TX, May 6-9, 1985.

Sea ice, however, is not an isotropic material. Field observations have
shown that this type of ice, which is predominantly columnar, has two
sources of anisotropy: (a) the c-axis is oriented perpendicular to the axis
of crystal growth, and (b) the c-axes of different crystals may show
preferred azimuthal orientation in the plane on which they lie. The
aniéotropy of sea ice strongly influences the macromechanical behavior of
first year sheet ice, while its influence on the behavior of multi-year
floes, though less well studied, may be less. In first year sheet ice, the
first source of anisotropy leads to a ratio of vertical to horizontal stress
at constant strainrate varying from 2-5, while the second source of
anisotropy leads to stress ratios of 0.25-0.60 at a 45 degree angle to the
c-axis and 0.50-0.95 at a 90 degree angle.

.Theoretical formulations which account for anisotropy in ice with a
transversely isotropic model have been developed by Reinicke and Ralston and
by Vivatrat and Chen. The former model, which assumes a generalized
von-Mises yield criterion to account for pressufe sensitivity and also rate
independent material behavior, has been used by Ralston to predict
indentation pressures based on the upper and lower bound theorems of
plasticity. The results of this analysis have been incorporated in the API
Bulletin 2N guidelines. The latter model, which is a pressure insensitive

but rate dependent power law creep formulation, has been used to predict
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indentation pressures based on the upper bound theorem.

An orthotropic elastic - power law model for sea ice has been
developed assuming pressure insensitivity. This model predicts very well the
plane strain uniaxial compression tests conducted by Frederking. Further,
experimental data of Richter-Menge et al. on first-year sea ice and that of
Hausler on saline ice indicate that’sea ice is only moderately pressure
sensitive in comparison with pure polycrystalline ice which is highly
pressure sensitive.

A finite element method of analysis has been developed for studying the
effect of sea ice anisotropy on indentation in the creeping mode. Numerical
simulations of ice-structure interaction for a rigid cylindrical indenter
under plane stress conditions and a tranversely isotropic version of the
above material model showed that:

1. Anisotropy, as represented by the vertical stress ratio varying
between 1 and 5, can cause global forces to increase by almost 15
percent depending upon whether the interface condition is fixed
(infinite adfreeze bond strength), roller, or ﬁree (no adfreeze bond
strength or interface friction). The factor is 1.10 for the fixed
condition, 1.12 for the roller conditién, and 1.13 for the free
condition.

2, Anisotropy can cause maximum (peak) normal interface pressures to
increase by almost 20 percent depepding upon the interface
condition. The factor is 1,07 for the fixed condition, 1.16 for the
roller condition, and 1.19 for the free condition. The interface
shear stress for the fixed condition essentially remains unchanged.

3. Finite element predictions of global forces and local pressures

differ from a (approximate) modified upper bound solution by less
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ﬁhan about 10 percent for VarYing velocity, indenter diameter, and
material constants.

4, Theoretical predictions of pressure area curves under "breakout”
conditions provide an excellent match to measured local pressures.

5. Anisotropy leads to an increase in the size of’the
compression-compression and tension-tension states of stress on the
upstream and downstream sides, respectively, of the indenter.

6. Anisotropy leads to decreasing strains for the roller and free
conditions but to almost no change for the fixed condition. This is
associated with the increase in lateral confinement near the
upstream and downstream tips of the indenter which in turn
significantly affects the behavior of transversely isotropic sea
ice, Lateral confinement effects are smaller for the fixed condition
since the influence of anisotropy is more evenly distributed over
the interface due to the presence of interface shear stresses.,

The numerical simulations also showed that (i) even a factor of two
uncertainty in velocity will affect ice pressures only by about 20-30
percent, and (ii) the uncertainties in pressures resulting from variability
in the degree of anisotropy is approximately two or three times less
important than the variability of the power law constants in the reference
direction. This is associated with natural variations in ice strength.

This reseafch has been summarized.in a paper entitled "Anisotropic
Sea Ice Indentation in the Creeping Mode" to be presented at the Fifth
International Symposium on Offshore Mechanics and Arctic Engineering, Tokyo,

Japan, April 13-17, 1986 (Appendix A).
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SEA ICE IDENTATION ACCOUNTING FOR FRACTURE

Field observations of sea ice identation on offshore structures in the
Arctic show that fracture processes are a major factor in ice-structure
interaction,

Fracture manifests itself in terms of tensile cracking and crushing in
compression. Numerical simulations of ice-structure interaction processes
in the creeping mode of deformation have indicated that the ice sheet
consists of three regimes of principal stresses and strains; i.e.,
compression-compression, compression-tension, and tension-tension. The
latter two regimes occupy a major fraction of the area of the continuum.
Since ice is weaker in tension than in compression, accounting for the
differing behavior of ice in tension may help to reduce (or limit) ice force
predictions significantiy.

A constitutive model for sea ice, applicable to monotonic uniaxial
loading in both compression and tension, has been proposed and calibrated
with experimental data. The stress-strain-strainrate behavior of sea ice
has been modelled accounting for strain softening and for fracture which
manifests itself in terms of tensile cracking and crushing in compression.
The adequacy of the médel has been demonstrated by comparison with
experimental data obtained under constant strainrate, creep, and constant
stressrate conditions. The model has been used to predict the occurrence of
first cracks in ice under uniaxial compressive loading. Tenéile strains
occur under this loading condition as a result of the Poisson effect and
incompressibility condition. Once cracks occur, the material continues to
sustain compressive load but loses its ability to carry tensile loads in the
transverse direction if applied. This is a realistic assumption and has

been used often in modeling concrete behavior. A limiting tensile strain
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criterion dependent on the instantaneous strainrate in tension has been used
to predict crack nucleation. The results for compressive creep compare very
well with the experimental data of Gold.

This research has been summarized in a paper entitled "Ductile to
Brittle Transition in Sea Ice Under Uniaxial Loading" presented at the 8th
International Conference on Port and Ocean Engineering under Arctic
Conditions, Narssarssuaq, Greenland, September 7-14, 1985.

There are many aspects of sea ice behavior that have to be included
when numerically simulating rate-dependent fracture processes. For this
purpose, a rate-sensitive damage model has been developed for describing the
continuum behavior of sea ice under variable loading conditions . The model,
based on a nonlinear generalization of the Maxwell differential formulation,
is characterized by its ability to (a) decompose the various recoverable
(instantaneous elasticity and delayed elasticity or primary creep) and
irrecoverable (secondary creep and strain-softening or tertiary creep)
components of strain, (b) represent continuously damaging or strain

' softening material behavior during ductile to brittle transition in
compression with a linear incremental damage accumulétion model, (c) capture
the rate-dependent behavior of sea ice with raﬁe-independent model
parameters, and (d) describe materially anisotropic mechanical behavior with
a pressure insensitive but rate dependent potential function. Further, the
model shows strong dependency of the continuum behavior under creep and
constant strainrate conditions. The model predictions compare very well with
several independent sets of data, particularly those for first-year sea ice.
The following specific conclusions can be drawn:

1. The uniaxial model developed here is described by 8 parameters. For

comparable models, i.e., those of Sinha and Michel, the number of
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parameters is 7 and 9 respectively. It must be recoénized that
Sinha's model does not capture material damage with strain
softening, while verification of Michel's model with experimental
data has been very limited.

2. All parameters of the model, i.e., 8 for the gniaxial model and 5
for the orthotropic generalization, can be determined from
conventional tests conducted on ice. The experimental data base is
generally adequate to determine the model parameters. In particular,
normalization of the uniaxial strength data for salinity and
temperature is a useful way of including test results for pure
polycrystalline ice in model calibration.

3. Material damage that can be described by the continuum model
proposed here is significant in the strainrate range of 2x10-4 s~
to 10-2 s~1, At higher strainrates the presence of microcracks
precludes a solely continuum description of ice behavior.

4. According to the propcsed model, an ideal creep test does not lead
to primary creep strains. However if the finite rise time required
to reach the nominal stress in a creep test is taken into account,
primary creep strains are simulated by the model. Experimental
evidence appears to support this conclusion.

5, The pressure-insensitive orthotropic model proposed here predicts
very-well the plane strain uniaxial compression test results of
Frederking. Further, experimental data of Richter-Menge et al. on
first-year sea ice and that of Hausler on saline ice indicate that
sea ice is only moderately pressure sensitive in comparison with
pure polycrystalline ice which is highly pressure-sensitive.

This work has been summarized in a paper entitled "A Rate Sensitive
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Damage Model for the Continuum Behavior of Sea Ice" in submission for
publication in the Cold Regions Science and Technology Journal.

The continuum model just discussed has been unified with a second
rate-sensitive model that has been developed for describing the macroscale
yielding and fracture behavior of sea ice. The latter model is characterized
by its ability to (a) predict first crack occurrence or nucleation with a
rate-dependent limiting tensile strain criterion, and (b) represent
macrocracking representing either yielding of the material or fracture
depending on the stress state with a Drucker-Prager failure surface. The
model predictions compare well with the limited existing experimental data
base. The following specific conclusions can be drawn:

1. The prediction of first crack nucleation under uniaxial compressive
creep conditions using a rate dependent limiting tensile strain
criterion for the lateral tensile strains arising from Poisson's
effect and incompressibility of flow compares very well with the
experimental data of Gold.

2. The time to first crack occurrence tends to approah zero as the
uniaxial compressive stress approaches a value corresponding to
fracture, i.e., 5.0 MPa. At these higher stresses, the delayed
elastic strain criterion of Sinha continues to predict longer first
crack nucleation times.

3, The prediction of first crack occurrence under constént stressrate
conditions using the limiting tensile strain criterion agrees very
well at low to intermediate stressrates with the analysis of
Sanderson and Child based on the delayed elastic strain criterion.
At high stressrates, the proposed model predicts a significantly

lower stress for nucleation of the crack.
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4. A rate-sensitive and isotropic Drucker-Prager failure surface is
used to describe yield of ice under compressive states of stress and
fracture of ice whenever a tensile stress is present. The constants
of the model are derived fromtwo uniaxial tests, one in tension and
the other in compression. In the latter case, the compressive stress
at which the first crack nucleates using the rate dependent
limiting tensile strain criterion defines the "yield" point.

5. The ratio of the yield stress in uniaxial compression to the
fracture stress in uniaxial tension obtained from the Drucker-Prager
formulation appears to provide the best match to data from the
tensile triaxial tests of Haynes.

This integrated constitutive theory for ice is able to distinguish the
mechanisms of multiaxial flow as a continuum and ultimate failure by
macrocracking leading to yielding of the material or fracture.

The quantification of fracture behavior requires two criteria, one for
initiation and the other for propagation. Fracture initiation can often be
well described by a stress or strain criterion. However, two alternative
approaches are available to describe fracture propagation: a tensile
liﬁiting strain or strength criterion, and a fracture mechanics based
criterion.

In the case when ice is a load bearing system, a fracture mechanics
criterion for cracking is conservative. However, when ice features act as

load transmitting systems, a fracture mechanics approach may lead to

unconservative results. To account for tensile cracking and compressive
fracture in ice and still be conservative in force and pressure predictions,
a rate-dependent limiting strain or stress criterion is preferable to the

fracture mechanics approach. The former is adopted in this project.
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Several approaches are available to account for cracking in a finite
element framework. Two of the more common approaches are the discrete

cracking models which follow individual discrete cracks between elements and

the smeared cracking models which treat the gross (smeared) effect of cracks

in an element. The latter approach has been preferred in finite element
analyses of concrete since it is computationally far more convenient, and is
adopted here. An added advantage is that smeared crack models can be
extended easily to allow for an cobjective energy release rate criterion for
fracture propagation. The resulting theory, called the blunt crack band
theory, will require the development of an appropriate modifica-tion to the
rate-dependent limiting tensile stress fracture criterion.

A major research effort is being undertaken to (1) extend the plané
stress finite element analysis computer code to incorporate smeared cracking
models, and (2) implement the constitutive model in the program. The
influence of fracture on both global forces and local pressure will then be

gquantified through numerical simulations.
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1-2, 1984, The title of their presentations are listed below:
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a. Professor S. Shyam Sunder: Sea Ice Indentation Accounting for
Strain-Rate Variation.
b. professor Jerome J. Connor: Numerical Simﬁlation of the Creep
Mode in Ice-Structure Interaction.
Professor S. Shyam Sunderiwas invited to talk on the same topic at the
weekly seminar of_the Constructed Facilities Division of the Department
of Civil Engineering at MIT on December 5, 1984.
Professor S. Shyam sunder was invited to talk on "Sea Ice and Its
Mechanical Behavior" at a series of seminars on Engineering in the Arctic
organized during MIT‘s‘Independent Activities Period, January 1985.
Professor S. Shyam Sunder made a presentation on this research project to
the Regional Operations Technology Assessment Committee, Alaska OCS
Region, of the Minerals Management Service at Anchorage, alaska, on

October 16, 1985,
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professor S. Shyam Sunder was a member of the Conference Committee for
ARCTIC '85 - Civil Engineering in the Arctic Offshore Speciality
Conference of the ASCE neld in San Francisco, March 25-27, 1985,

He was also moderator for a session on Probabilistic Methods in Arctic
Offshore Engineering.

Professor S. Shyam Sunder is Chairman of ASCE's Subcommittee on Arctic
and Frontier Regions. This subcommittee operates undexr the ASCE
Structural Division's Commiﬁfee on Reliability of Offshore Structures.
This Committee met at San Francisco in conjunction with item 3.
professor S. Shyam Sunder has been appointed Vice-Chairman of the ASCE
Task Committee on Reliability-Based Techniques for Designing Offshore

Arctic Structures which is entrusted with the responsibility of producing
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a monograph bearing the same name. He attended the Task Committee
meetings at San Francisco (March 1985) and Houston {(May 1985).

professor S. Shyam Sunder attended the Arctic Energy Technologies
Workshop organized by the U.S. Department of Energy as part of a recently
initiated Arctic and Offshore Research Program. The workshop was held at
Morgantown, West Virginia, on November 14-15, 1984. He also participated
in the discussion group on Arctic Offshore Structures which had the task
of defining the state-of-the-art, identifying technical issues, listing
research and development needs, and recommending topics for research
support by the U.S. DOE.

professor S. Shyam Sunder participated in a workshop on "Northern
Research Needs in Civil Engineering" organized by the University of
Alaska, Fairbanks, in Seattle, WA, February 16-17, 1985. The workshop
was sponsored by the National Science Foundation to help formulate a five
year plan for Arctic research under its mandate for implementing the
Arctic Research & Policy Act of 1984. Professor Shyam Sunder contributed
to the Committee on Offshore and Coastal Facilities, Design and
Construction. .

professor Jerome J. Connor is leading the organization of an
International Conference on Ice Technology (ITC '96) to be held at MIT,
June 10-12, 1986. An international Scientific Advisory Committee has
been set up with Professor Connor and Dr. C.A. Brebbia of Southampton
University, England, as Co-Chairmen. This conference will be SPonsored
by the Center for Scientific Excellence in Offshore Engineering at MIT,
the Centre for Advanced Engineering studies at the University of
Southampton, and the MIT Sea Grapt Programe.

Professor S. Shyam Sunder attended a meeting of the Ice Mechanics
Committee of ASME's Offshore Mechanics and Arctic Engineering Division of
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which he is a member at Dallas, TX in February 1985.

8. Professor S. Shyam Sunder attended a meeting of ASCE's Committee on
Reliability of Offshore Structures of thch he is a member at Houston, TX
in May 1985,

9, Professor S. Shyam Sunder has been invited to serve as a member of the
Conférence Committee for POAC '87, the 9th International Conference on
Port and Ocean Engineering under Arctic Conditions. He is organizing
technical sessions on Numerical Modeling of Ice-Structure Interaction and

Probabilistic Methods in Arctic Offshore Engineering.

EXPERIMENTAL DATA FROM U.S. ARMY CRREL

An informal agreement has been reached with the U.S. Army Cold Regions
Research and Engineering Laboratory, Hanover, N.H., Group under the
leadership of Dr. Gordon Cox concerning our use of experimental data obtained
by them. Under this agreement we can have immediate access to all their
experimental data, although any publication by us of their data would in
general be dated after they have had an opportunity to publish the results

themselves.

HONORS AND AWARDS

Professor S. Shyam Sunder has been awarded the Gilbert W. Winslow Career
Development Chair by MIT's Department of Civil Engineering for the period
1985-87. The Chair, awarded on a rotating basis to an untenured associate
professor in the Department, recognizes outstanding accomplishments in
teaching and research. The Chair provides unrestricted funds to Profeesor
Shyam Sunder to pursue his research and teaching career at MIT. During FY
1987, the available funds equal $39,850 (note: this amount is not subject to

MIT's overhead/indirect expense charges.)



26

4, BUDGET

The total expenditure as of November 30, 1985 is $ 59107.08. This
reflects expenditures for the fifteen month period Septembef 1, 1984 (the
requested project starting date) through the end of November.,

Professor S. Shyam Sunder is charging 20% of his salary to the MMS and
SOHIO accounts respectively since September 1, 1985, Mr. S-K Ting was a
full-time Research Assistant on the project from September 1, 1985 through
October 31, 1985; the day he submitted his doctoral thesis at MIT and left to
join the faculty at the National University of Singapore. Mr. J. Ganguly was
a full-time Research Assistant from September 1, 1985 through January 15,
1985, During the Fall-Term these salaries were charged to the SOHIO account,
Mr. Chia-Wey Chen, a doctoral student with considerable expertise in
computational mechahics and work experience in the nuclear power industry,
will be joining the project as a full-time Research Assistant on January 1,

1985.
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ABSTRACT

An orthotropic elastic - power law creep model
for sea ice is presented and then a finite element
method of analysis is developed and applied to study
the effect of sea ice anisotropy on indentation in
the creeping mode. HNumerical simulations are per-
formed under plane stress conditions to predict the
influence of interface adfreeze and frictiom, vari-
ability in parameters of a transversely isotropic
material model for sea ice, rubble pile or grounded
ice foot, and ice sheet velocity on global forces and
local pressures generated on a rigid cylindrical
indenter. The results are compared with those from
an approximate methods of analysis based on the upper
bound theorem. Interface pressure distributions are

_obtained in addition to contours of stress and
strain.

INTRODUCTION

] The interaction of an ice sheet with a vertic~
ally faced indenter is an important loading condition
for cylindrical structures and conical structures
with grounded rubble pile or accreted ice foot im the
Arctic., 1In general, this indentation phenomenon is
characterized by the simultaneous occurrence of
yiscous (rate~dependent) and fracture behavior.
Several theoretical models based on approximate

methods of analysis that idealize the ice sheet as an
isotropic continuum have been proposed for predicting
" global ice forces. These include: (1) the upper and
lower bound, plasticity solutions of Michel and
Toussaint (1) based on the Von-Mises yield criterion,
. and Croasdale et al. (2) based on the Tresca yield
criterion, (2) the reference stress, power law creep
solution of Ponter et al. (3), and (3) the upper
bound, power law creep solutions of Bruen, Vivatrat
and Chen (4,5), and Ting and Shyam Sunder (6).
Theoretical predictions of interface pressures are
not generally available. However, Ting and Shyam
Sunder (6) have applied the (approximate) strain path
- method of analysis to study interface pressures

~

during plane strain indentation. Their study showed
that approximate methods of analysis cannot
adequately model interface adfreeze and friction,

‘factors that can significantly influence ice load

predictions. In a recent paper (7), two of the
authors and their colleagues have developed and
applied a finite element ("exact") method of analysis
to predict both global forces and local pressures
assuming an isotropiec elastic -~ power law creep model
for sea ice.

Sea ice, however, is not an isotropic material.
Field observations have shown that this type of ice,
which is predominantly columnar, has two sources of
anisotropy: (a) the c-axis is oriented perpendicular
to the axis of crystal growth, and (b) the c-axes of
different crystals may show preferred azimuthal
orientation in the plang on which they lie. There is
strong evidence suggesting that the preferred
azimuthal orientation is correlated with the
instantaneous current direction just underneath a
growing ice sheet (8,9,10). While such alignments
are common in landfast ice, observations suggest that
strong alignments can develop in pack ice when there.
is little rotation of the floes relative to the
current direction (11,123. .

The anisotropy of sea ice strongly influences
the macromechanical behavior of first year sheet ice,
while its influence on the behavior of multi-year
floes, though less well studied, may be less. In
first year sheet ice, the first source of anisotropy
leads to a ratio of vertical to horizontal stress at
constant strainrate varying from 2-5 (13-17), wvhile
the second source of anisotropy leads to stress
ratios of 0.25-0.60 at a 45 degree azimuthal angle to
the c-axis and 0.50-0.95 at a 90 degree angle:
(18-21).

Theoretical formulations which account for
anisotropy in ice with a transversely isotropic model
have been developed by Reinicke and Ralston (22) and
by Vivatrat and Chen (23). The former model, Which
assumes a generalized Von-Mises yield criterion to
account for pressure sensitivity and also rate



independent material behavior, has been used by
Ralston (24) to predict indentation pressures based
on the upper and lower bound theorems of plasticity.
The results of this analysis have been incorporated
in the API Bulletin 2N guidelines (25). The latter
model, which is & pressure insensitive but rate
dependent power law creep formulation, has been used
to predict indentation pressures based on the upper
bound theorem.

A study of sea ice indentation in the creeping
mode is important for two reasons: (a) creep is the
predominant mode of deformation for artificial
islands in the Arctic nearshore region during
"preakout™ and/or steady indentation conditions
occuring during the winter, and (b) stresses,
strains, and strainrates resulting from creep are
necessary to predict the nucleatiom, growth
initiation and propagation of cracks when viscous
effects influence fracture behavior. The latter
scenario, which defines the tramsition from ductile
to brittle behavior, may represent the most severe
loading case since indentation pressures tend to be
"lower at very fast ice movement rates. It may be
noted that at very high rates of loading ice behaves
essentially as a brittle elastic material.

This paper is concerned with (i) the development
of an orthotropic elastic = power law creep model for
sea ice, and (ii) the development and application of
a finite element method of analysis to study the
influence of sea ice anisotropy on indentation in the
creeping mode. Numerical simulations are performed
under plane stress conditions to predict the
influence of interface adfreeze and frictionm,
variability in material constants for a transversely
isotropic model of sea ice, rubble pile or accreted
ice foot, and ice sheet velocity on global forces and
local pressures generated on a rigid cylindrical
indenter. The results are compared with those from
an approximate method of analysis based on the upper
bound theorem. Interface pressure distributions are
obtained in addition to contours of stress and
straine

MATERIAL MODELING

Theoretical Formulation

The rate-dependent material model for sea ice
assumes that the total strainrate-is the sum of the
elastic strainrate and the creep or viscous
strainrate, i.e.,

+ £ . (L)

LK
|Qo

=<

where C is the linear elastic compliance matrix for
an orthotrepic material. )

To derive the relationship between the creep
strainrate and stress vectors, first an effective
stress measure generalized for pressure insensitive
orthotropic materials, i.e., identical behavior in
compression and tension, is defined.

2 _ .l 2 %2 2 o~
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with A=al+52. This may be expressed in compact form
using matrix notation as:

el =3/A0TGg (3)

Under uniaxial (compressive) loading conditions,
creep in ice is usually expressed in terms of a power
lav (26). Then, the effective strainrate and
effective stress are related by:

g = & gpN (4)

where the effective strainrate can be expressed in
terms of the creep strainrate vector as given in
Refs. (27, 28), a and N are constants with the
temperature dependence being included in the para-
meter a following an Arrhenius activation emergy law.
Mellor (29) states that for temperatures greater than
-10°C the law is not valid and that the complete
empirical relation derived from experiments should be
used to model temperature dependence in such cases.

_ The strainrate vector can be related to the
effective stress vector by defining a scalar
potential function ¢ which obeys the associated flow
rule, i.e.,

cw 20
£, 30 (5)
with
o1
= a8 (6)

Combining Eqs. (5), (6) and (3) yields the desired
relationship:

£ = ) S* _ 7
where

A= 3/A a g1 (8)
and '

=G0 ‘ N2

Note that S* is not the conventional deviatoric
stress vector. It may be thought of as a pseudo
deviatoric stress vector for an anisotropic material.

Given the stress vector, the pseudo deviatoric
stresses may be obtained from Egq. (9). Then applying
Eqs. (3), (8), and (7) in succession leads to the
creep strainrate vector. Note that under isotropic
conditions, i.e., aj - ag = 1, all these equations
reduce to the formulation proposed by Palmer (30) and
described in Ref. (7).

Estimation of Model Parameters

Six uniaxial (compression) tests at constant
strainrate are necessary to obtain the seven
orthotropic model parameters: a, N, ag-ag. RNote~
that (i) aj can be set equal to one without loss of
generality, and (ii) there is experimental evidence
which shows that the power law exponent N can be
considered independent of the direction of loading.
For purposes of the current derivatiom, it is assumed
that the x-axis is normal to the ice sheet and that
y-z defines the horizontal plane of the ice sheet:
Furthermore, it is assumed that the c-axes of the sea
ice crystals lie on the y-z plane and that they are



- aligned in the y-direction. This implies that the

%-axis represents the crystal growth direction.

Let the tests be conducted in the three ortho~
gonal directions y, x and 2 respectively, and along
the three 45°®* axes on the y-z, x-y and z-x planes
respectively. Furthermore, let Bj-B5 represent the
experimentally determined ratios of the maximum
stresses for the last five tests, respectively, to
the maximum streas in the reference y-direction at
the same strainrate. According to the theoretical
formulation, the parameters & and N refer directly to
the uniaxial test along the c-~axis, i.e., the y-
direction. The remaining parameters may be deter-

mined from the following equations:

n 1] n
B - 82(1—81) .

I Ty (1o
B, - By(i+B))

n n n
81 + 82(1—81)

o, = ¢ l48" - 8;"] (12)
oy = ¢ 148" - 81" (13)
2 = % [48]" - 1] ' (14)

where n=2N/(N+1). Typical ranges for the 8i's are
2-5 for 8] (13-17), and 0.50-0.95 and 0.25-0.60
respectively for By and B3 (18-21). Values for B4
and Bg are not generally available in the literature.
Since these two parameters determine only the out of
plane shear strains and stresses in sheet ice, they
have no influence on plane strain and plane stress
indentation problems. liowever, the parameters will
have to be obtained in the case of three~dimemnsional
indentation problems.

For a tranversely isotropic material, i.e.,
isotropy in the y-z plane, Bg=B83=1 and B;=Bs. As a
result aj=a3=l, a,=ag, the parameters ap and as are
functions of only 8;, while a; depends on both Bj and
B4+ Only three uniaxial tests are required to obtain
a, N, Bj and B4; one each in the y and x directions
and one along the 45° axis on the x-y or z-x planes.

Frederking (31) has conducted plane strain
uniaxial compression tests on columnar-grained
transversely isotropic freshwater ice. For his type
A tests, strains in the z-direction are constrained
to zero and stresses are applied im the y-direction.
The ratio I'; of the plane strain stress to the
unconfined stress at the same strainrate is directly
related to 8] by the following equation:

2n

“6
r= I (15)
48 - 1

1

The equation predicts I, to vary between 2.1-5.1 for
experimentally observed values of 8; ranging from 2+
to 5, and N between 3 and 4. This is consistent with
Frederking's experimental observations of T which
were close to 2 at high strainrates and to 5 at low

' strainrates. In the type B tests, strains in the

x-direction are constrained to zero while stresses
are again applied in the y-direction. 1In this case,
the stress ratio I'y is given by:

1 }I/n

r=[1+—0
48, -1

X

(16)

Since B} is generally greater than one, Ty will be
less than approximately 1.2 for N between 3 and 4.
For typical values of Bj, the predicted values of Ty
range from 1.0l to 1.06. This is consistent with
Frederking's experiments which showed negligible
influence of x-direction confinement on stresses.

Triaxial tests of first-year sea ice have been
conducted by Richter-Menge, Cox et al. (20) on
samples obtained from horizontal cores in the plane
of the ice sheet at angles of 0°, 90°, and 45° to the
preferred c-axis orientation. According to the
orthotropic material model, the ratio T¢ of the
maximum axial stress with a confining pressure equal
to T times the axial stress to the maximum axial
stress in the unconfined state at the same strainrate
should be given by:

T, = 17 Qan

The shear stress (i.e., axial stress minus radial
stress) normalized by the unconfined stress is
independent of T or confining pressure for the model
and equal to one. Experimental data for this
quantity is plotted versus confining pressure in Fig.
1, which shows that the sea ice data is only
moderately pressure sensitive. Thus the use of a
pressure insensitive model may be justified for sea
ice, particularly when other sources of uncertainty
such as the variablity in the power law constant a
are considered. The figure also includes data
obtained by Hausler (32) on columnar-grained saline
ice at a strainrate of 2x10~% s~! using a so-called
"true" triaxial testing machine.

The experimental results of Panov and Fokeev
(33) for natural and artificial sea ice, however,
seem to indicate an appreciable increase in shear
stress with confining pressure. Their tests were
carried to the "breaking point" and as a consequence
that data cannot be used to characterize the flow
behavior of ice. On the other hand, the triaxial
behavior of pure (non-saline) polycrystalline ice has
been studied by Jomes {34, 35). The tests performed
at strainrates of 10~6 to 5x10™3 s~ ‘indicate up to a
factor of two increase in shear stress due to
confining pressure. This data for pure ice has
limited applicability for calibration of sea ice
models since no egquivalence in the triaxial behavior
of pure and sea {saline) ice has been established. It
must be noted that the plasticity based pressure '
sensitive parabolic yield function of Reinicke and
Ralston {22) has been justified with the help of
Frederking's {(31) data (which has been shown in this
paper to follow a pressure imsensitive model very
well) and that the three parameter but isotropic
extension of their yield function by Reinicke and
Remer (36) has been justified onm the basis of Jones's
triaxial data for pure polycrystalline ice.

FINITE ELEMENT SIMULATIONS

Theoretical Formulation

For general viscoplastic behavior, which
includes creep, it is convenient to work with time
derivatives of the governing equations for a solid.
The weighted equilibrium-rate equation which forms
the basis of the finite element displacement method
is then given bys
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BT gdv=p (18)

where B is the strainrate - nodal velocity transfor-
mation matrix derived from the chosen displacement
expansion for the finite element, i.e.,

|co

=3 (19)

*
lor o

and P is a vector defining the applied rate of load-
ing, if any, at the nodes of the finite element.
Examples include driving forces such as wind and
current shear. Equation (18) may also be derived from
the virtual work principle. Combining Eqs. (18) and
(19) with Eg. (1) and defining Eﬁg?gé as the elastie
stiffness matrix of the element leads to the element
equilibrium equation:

XKU=P+ [BTD e av : €20
and the element stressrate - nodal velocity relations:

8=DBU-Dc&" ' (21)
where D is the linear elastic rigidity matrix for an
orthotropic material. The global.stiffness matrix Kg
is obtained from Eq. (20) using conventional proce-
dures. This formulation can take into account the
spatxal and tempotal varlablllty of the strainrate
field in the ice sheet.

: An iterative solution algorithm has been deve-
loped to solve the pseudo-force form of the nonlinear
governing equations given in Eqs. (20) and (21}.

This is a generalization of the algorithm for iso-

) troplc materials ptesen:ed in an earlier paper (7)

~ and is fully discussed in Refs. (27,28). The concep~
tual basis for the algorithm may be illustrated by
focussing attention at the element level rather than
the global level. At first the governing equations’
are integrated in time between tj and tj,.] to yield:

K(U1+1'U >f£i+1'P +fBTD(_£,1+1 ,i)dV. (22)

Oi+i=0i=DBUj+1-Ui)~D(Ecyj+]=Ecsi) (23)

Creep strains which appear in_both equations are

nonlinear functions of stress since ) in Eq. (7) is
not a constant. A two-level iterative algorithm is
used to solve these equations for each new time step
ti+]. The key steps in the solution algorithm are as
follows:

1. Compute the displacement increments from (the
global form of) Eq. (22) for the given loading
vector. In the first iteration on the equation,
the incremental creep strains are assumed to be
zero.

2. Compute the incremental stresses and incremental
creep strains from Eq. (23) for the displacement
increments obtained in step 1 using the’
lower-level iterative algorithm discussed below.
In the first iteration on this equation assume
the incremental creep strains to be zero.

3. Return to step 1 and iterate on Eq. (22)
(higher-level iteration) using the incremental
creep strains obtained in step 2 until
convergence is achieved. The evaluation of the
integral defining the inelastic load vector is
based on a Gaussian guadrature formula.
Typically, 4-6 iterations are required for
convergence at the higher level.

The evaluation of the incremental stresses and incre=-
mental creep strains in step 2 requires the simul-
taneous consideration of Eg. (23) and Eq. (7). 1Im
addition to a nonlinear equation solver, a numerical
time integrator is needed to obtain results. For
accelerating solution convergence in creep dominant
problems with negligible elastic deformations that
are of concern here, a lower-level algorithm is
developed which combines a Newton-Raphson or tangent
type nonlinear equation solver with the o-method of
numerical time integration. Details of the solution.
algorithm may be found in Refs. (27,28). Application
of the lower-level iteration with o=1, which yxelds
an implicit algorithm, shows that convergence is
typically obtained in &4 iterations.

Description of Numerical Simulations

Numerical simulations are performed for the 13
cases identified in Table 1 based on a transversely
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‘isotropic elastic - power law creep material model

for sea ice.

The objectives of simulations 1-~3 and 9-13 are to
quantify the effect of interface adfreeze and
friction on predicted indentation pressures. For
global forces, the fixed condition provides an upper
bound solution since the ice-structure interface is
considered to be infinitely stromg. 1In this case,
the nodes of the finite element mesh (see Fig. 2) at
the ice-structure interface are constrained from
moving in any direction. The free condition
corresponds to no adfreeze and friction, while the
roller condition provides an intermediate solution.
The roller condition allows no normal motion of the
finite element nodes at the ice-structure interface
but tangential motion at the interface is not
constrained. On the other hand, the free condition
allows only normal compressive stresses to develop at
the ice-structure interface. Thus the upstream side
tends to follow the roller condition and may be
modelled as such. However, the interface nodes of the
ice and the structure are completely disconnected if

~a normal tensile stress develops. This is an adaptive

process in general, but for the numerical simulations
considered in this paper it was found adequate to
disconnect the downstream interface nodes to achieve
the desired no-tension condition. )

90

Fig. 2 ~ Finite Element Grid

Simulations &4 and S study the influence of ice
sheet velocity on pressures. The chosen base velocity

. of 0.195 m/hr corresponds to the recorded maximum

average velocity over a twelve~hour period just prior
to “breakout" (macrocracking) for an artificial ~
island in the Beaufort Sea. This is selected in
order to predict the maximum ice presssure on the
structure which is assumed to occur just prior to
macrocrack formation or "breakout" where ice deforms
primarily in the creeping mode. Macrocracks tend to
relieve the stresses built up in the ice sheet and as

such reduce ice pressures. The sixth simulation

attempts to quantify the effect of a grounded rubble
pile or an accreted ice foot on ice pressures by
defining a larger effective indenter diameter (2.85
times the structural diameter). The seventh
simulation is used to check the construction of .the
pressure-area curve for large contact areas.
Simulations 8-13 study the effect of variability in
constants a, N, and 8] defining the material model on
ice pressures. 7Two sets of the parameters a and N
for sea ice based on the work of Sanderson (37) and
Wang (38), respectively, are considered: N=3,
a=2.125x10~6 (MPa)~3s=1; and Me4, a=1.848x1076
(MPa)~%4;~!, These two sets of constants define the
rate-dependent uniaxial strength of ice in the
horizontal plane of the ice sheet. Three values of 8)
equal to 2,3 and 5 are studied. These define the
relative values of the uniaxial strength in the
directions normal to and in the horizontal plane of
the ice sheet. The elastic constants in the
horizontal plane of isotropy, which have negligible
influence on the steady state solutions under
constant strainrate conditions, are taken to be E=9.5
GPa and v=0.3.

The criteria governing the choice of finite
element mesh and time increments for the simulations
are described in an earlier paper (7). The chosen
uniform far-field velocity listed in Table 1 defines
the excitation here. For a given time step, the
excitation is specified in terms of an imposed
displacement in the z-direction at the far-field
boundary nodes (Fig. 2). This displacement wvalue is -
made to increase linearly in time, consistent with
the chosen uniform velocity.

DISCUSSION OF RESULTS

Global Forces

Table 2 lists the global pressures predicted by
the finite element analysis for the 13 cases of
interest., Pressure values are the global forces
divided by the indenter diameter D, and ice sheet
thickness t. - The table also lists the factor by
which the global pressure increases as a result of
anisotropy.

Comparing the global pressures for cases 1-3
and 9-13, it is seen that the fixed condition does
provide an upper bound solution. The global pressure
for the fixed condition is greater than that for the
roller condition by a factor of about 1.22 to 1.27.
In turn, the global pressure for the roller condition
is 1.97 to 2.00 times that for the free conditiom.
This spread in global pressures is indicative of the
influence of interface adfreeze bond and friction.
The hundred percent reduction in pressure between the
roller and free cases occurs because the lack of
downstream interface contact in the latter case tends
to release the downstream stresses in the ice sheet.

The fourth and fifth values of global pressure
indicate that reducing the ice sheet velocity by a
factor of 6.4 leads to a 47-48% reduction in
pressures while increasing the velocity by a factor
of 1.6 leads to a 15-18% increase in pressures. Thus
even a factor of two uncertainty in velocity will
affect the pressures only by about 20-30%.

Cases 2 and 6 provide some idea of the effect of
a grounded rubble pile or an accreted ice foot. The
global force increases by a factor of 1.92 when the
effective indenter diameter is taken to be a multiple
(2.85) of the structural diameter. In the case of a
grounded rubble pile, it would be overconservative to
consider that all this force is transmitted to the




TABLE 1 - SUMMARY OF CASES

Velocity Diameter Interface
Case (ft/hr) (ft) N 8] Condition
1 0.64 350 3 3 Fixed
2 0.64 350 3 3 Roller
3 0.64 350 3 3 Free
4 0.10 350 3 3 Roller
5 1.00 350 3 3 Roller
6 0.64 1000 3 3 Roller
T 7 0.64 328000 3 ) Free
) - 8 0.64 350 [ 3 Roller
- ; ) 9 0.64 350 3 5 Fixed
. ) 10 0.64 350 3 5 Roller
11 0.64 350 3 5 Free
12 0.64 350 3 2 Fixed
13 0.64 350 3 2 Free
Note: 1 ft = 0.3048 m
a=2,125x10~6 (MPa)~Ns=l for N=3; a=1.B48x10-6 (MPa)~Ns~l for N=4

TABLE 2 - SUMMARY OF RESULTS

P/Dr (MPa) Maximum Interface Anisotropy/lsotropy
Normal Stress (MPa)
Max imum
.| Case Finite Finite Modified Global Interface

Element Modified Element Upper Pressure Normal

Analysis Upper Bound Analysis Bound Stress
1 2.41 2.62 0.87 0.95 1.08 1.06
2 1.98 2.06 1.10 - 1.15 1.12 1.12
3 0.99 1.03 1.13 1.17 1.11 1.15
4 1.03 1.11 0.58 0.62 1.10 1.12
5 2.33 2.39 . 1.29 i 1434 1.15 1.15
b 6 1.33 1.45 0.74 0.81 1.08 1.09

7 0.10 0.11 .11 0.12 - -
8 2.57 2.43 1.43 1.36 1.22 1.25
9 2.46 2,71 0.88 0.98 1.10 1.07
10 1.99 2.13 l.14 1.19 1.12 ) 1.16
11 ©1.01 : 1.07 1.17 1.22 1.13 1.19
12 2.35 2.49 0.85 0.90 1.05 1.04
13 0.96 0.98 1.12 1.12 1.08 1.12

Note: The maximum interface shear stress for the fixed condition is 0.61 MPa

for By=3, 0.63 MPa for B;=5, and 0.60 MPa for B)=2.
1 MPa = 145 psi

foundation by the structure. On the other hand, the roller condition which differ by a factor of 1.19 and

.. force transmitted to the foundation by the structure 1.30, respectively. However for N=3 and the
" would decrease by a factor of 4.25 if both the corresponding a, and B] varying between 1 and 5

structure and the grounded rubble pile could transmit (cases 1-3 and 9-13), global ice pressures vary by a
a force proportional to the contact area of each with factor of 1.10, 1.12, and 1.13 for the fixed, roller
the foundation. These results for a transversely and free conditions, respectively. This indicates
isotropic material are identical te that from the . . that the degree of anisotropy B8; is approximately two
isotropic analysis in Ref. (7), although the absolute to three times less important than the actual values

“ value of the global force for the anisotropic case is of a and N.
greater than that for the isotropic case by a factor
of 1.08 to 1.12. o o " Calibration With Approximate Solutions

" Case 8 shows that for B) equal to 1 (isotropic)

and 3, the two sets of values for the material In order to provide perspective and calibration

constants a and N lead to ice pressures for the with solutions based on approximate methods of

~
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analysis, an upper bound solution corresponding to
the two-dimensicnal velocity field postulated in Ref.
(6) is obtained for a transversely isotropic power
law material. The kinematic model, obtained by
superposing a uniform flow and a doublet, resembles
the flow of an infinite ice sheet past a circular
indenter with the interface matching most the roller
condition. The approximate formula may be expressed
as given below:

P 4% N 4.1 2Vy 1/N
woeE) L) E v )

where P is the global force, V is the ice sheet
velocity, and T, is the theoretically obtained ratio
of global pressures for the anisotropic and isotropic
cases which is a function of only B}, i.e.,

(24)

I = ——;—El——-l-ﬁ . (25)
P [(s8]-1)13]

Note that [y=1 under isotropic conditions, i.e.,
81=1, and that TP‘(3/4)1/“ as By+=. For 2.5<N4,
this asymptotic value varies between 0.818-0.835. A
fraction equal to 98.5% of the asymptotic value is
reached at By=5. The factor © is used to modify the
upper bound solutiom, which corresponds to a plane
strain condition as a result of the two-dimensional

_ kinematic field selected, in order to be able to

apply it under plane stress conditions. As discussed
in Ref. (7), Ponter et al.'s (3) analysis for both
plane strain and plane stress yields ©=0.5 for the
isotropic case. On the other hand as Bj+=, i.e., the
material becomes infinitely strong transverse to the
plane of isotropy, the difference between the plane
strain and plane stress conditions disappears. Thus,
the ratio of the global pressures at these two
extremes of anisotropy is equal to 6u(3/4)1/0/0.5,
which for M=3 is 1.6584 and for h=4 is 1.67€.. Table
2 shows that case 11 with N=3 and B;=5 predicts the
ratio of global pressures to be 1.124 which suggests
that €«=0.69. This result was verified by additional
simulations with B} equal to 10 and 20 respectively.
The variation of © with B} may be expressed as:

B = 0.69 - 0.19exp[-0.7(8;-1)] (26)

Table 2 shows that the predictions based on Egs.
(24)-(26) differ from the finite element solutions by
less than 10%. The fixed condition is obtained by
multiplying Eq. (24) by 1.27, while the free condi-
tion uses a multiplying factor of 0.5 (Table 3).

Local Pressures

The maximum (peak) interface normal stress for
each of the 13 simulations is listed in Table 2. The
table also lists the maximum interface shear stress
for the fixed cases. Notice that in all cases the
maximum normal pressure is sapproximately 0.36-1.16
times the global pressure.

The maximum normal stress for the fixed condi-~
tion is lower than that for the roller condition by~
16-23%, although a reverse trend is observed for -
global pressures. This occurs because part of the
force in the fixed condition is carried by interface
shear stress. On the other hand, the maximum normal
stress for the free condition is about 0-3% higher
than that for the roller condition. This negligible
increase occurs since the small level of stresses
that exist in the predominantly rigid continuum on

~

the downstream side for the free condition is trans-
mitted to the structure from the upstream side.

These results confirm the conclusion reached in Ref.
(7) that for local pressures the use of the free con-
dition is conservative while for global forces the
fixed condition is conservative.

- Comparison of the local and global pressures
shows that the ratio of the maximum normal interface
stress to the global pressure is approximately 0.36
for the fixed conditionm, 0.56 for the roller condi-
tion, and l.}4 for the free condition. Furthermore,
the variation of local pressures with V, D, & and N
is similar to that for global pressures. Thus multi-
plication of Eq. (24) by 0.46, 0.56 and 0.57 can be
used to estimate the respective maximum normal
pressures (Table 3). 1In a similar fashion, the maxi-
mum interface shear stress for the fixed condition
may be estimated from the equation with a multiplica-
tion factor of 0.33.

TABLE 3 ~ MULTIPLYING FACTORS FOR APPROXIMATE MODEL

(Eq. 30)
L Maximum Interface
Condition Global Pressures Normal Stress
Roller 1.00 0.56
Fixed 1.27 0.46
Free 0.50 0.57

Note: Factor for Maximum Interface Shear Stress in
Fixed Condition = 0.33

For purposes of design it is necessary to con-
sider not only the maximum values of normal stress
but also its distribution on the structure. Figure 3
presents typical normal stress distributions corres-
ponding to By=5, which are very similar to the stress
distributions for the isotropic case given in Ref.
(7). The distributions are not affected, at least
visually, as V, D, N and B; are varied, although they
have to be scaled according to the maximum normal
stresses in Table 2. A conservative design approach
may be to assume a uniform or rectangular distribu-
tion of stress based on the maximum normal interface
stress.

Comparison With Pressure-Area Curves

Pressure-area curves are often constructed to
help designers obtain the average pressures over
tributary loaded areas for structural components (see
for example Ref. (39). A typical curve developed by
Sanderson (40) and discussed in Ref. (7) is shown in
Fige 4. The darkly shaded areas represent field and
laboratory experimental data, while the lightly
shaded areas represent his extrapolation of the

measurements. The dark region in the extreme left is.

from laboratory indentation tests, the central region
reflects measurements from ice breakers traveling in
the Arctic, while the two smaller regions on the
right correspond to average global pressures on
artificial islands estimated from pressure sensor
measurements in the ice sheet. The contact area is
defined as the indenter area of contact for the
laboratory and artificial island data. For the ice
breaker data, the contact area is the local area over
which the pressure measurement is made and not the
form area of the ice breaker.:
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Fig. 3 - Normal Stress Distribution on Interface
at Steady State for B} = 5

The lower solid line in Fig. 4 is the maximum
normal interface stress on the indenter (defined here
as the local pressure or indentation pressure) under
free interface conditions predicted by Eq. (24)
assuming isotropy and N=3., The contact area is taken
as Dt and the ice sheet velocity is taken as 0.195-.
m/hr, i.e., the value just prior to "breakout". The
upper solid line corresponds to an extreme level of
anisotropy, i.e., Bj®*5. For contact areas greater
than 10 w? where plane stress conditions exist, the
two lines differ by only a factor of 1.2. When the
effective strainrate, i.e., 8/Y3 V/D, exceeds 5x10™%
s™4, ice is assumed to have fractured (crushed) and

~

the uniaxial strength is capped at 5.9 MPa, leading
to the flat portion of the curve on the e:treme left.
These predictions represent an excellent upper bound
match to weasured local or indentation pressures.
Thus, a more appealing interpretation of the figure
is to consider the contact area as the indenter area
(Dt in this paper) and not the tributery loaded area
for a structural component, and the indenter pressure
corresponding to a given contact area as the maximum
normal interface pressure for that indenter. The
distribution of the interface stresses may be assumed
uniform over the indenter area of area as concluded
earlier. However, a different boundary value problem
(e.g., other than "breakout") involving a smaller
contact area, as opposed to contact over half the
perimeter in the free condition, could lead to higher
interface pressures. ’

The theoretical predictions made here assume
knowledge of the ice sheet velocity just prior to
"breakout” or macrocracking. At higher velocities,
fracture in ice will be the key mechanism that limits
the pressures. .

Multiaxial Behavior of Ice Sheet

Stress contours identifying the compression-
compression, compression~tension, and tension-tension
regions in the ice sheet are generally similar for
both the isotropic and anisotropic material models,
i.e., (2) tensile stresses occur almost all over the
ice sheet, (b) the compression-compression region on
the upstream side, is wmuch smaller for the free con~-
dition than for the fixed condition, and (c¢) under
free interface conditions the relatively small down-
stream stresses are predominantly tension-tension.
Figures 5 and 6 show that increasing anisotropy,
i.e., By, leads to increasing compression-compression
and tension-tension regions. Experimental evidence
for compression-tension states of stress (41) shows
that the occurrence of even small tensile stresses
weakens ice considerably, leading to premature frac-
ture when compared with uniaxial temsile loading.

The strain fields also are very similar for
isotropic and anisotropic material behavior. The
strains are smaller as B] increases for the roller
and free conditions but remain almost unchanged for
the fixed condition. The reductiom in strains is
associated with the increase in lateral confinement
near the upstream and downstream tips of the indenter
which in turn significantly affects the behavior of
transversely isotropic sea ice. Lateral confinement
effects are smaller for the fixed condition since the
influence of anisotropy is more evenly distributed
over the interface due to the presence of interface
shear stresses. The peak values of these stresses
occur not at the tips but at points tangentizl to the
direction of the ice movement. The strains are
compression-tension almost everywhere on the ice
sheet with tensile strains exceeding 0.001 at steady
state. Since tensile failure strain for sea ice is
about 0.001 or less for strainrates greater than 10~7
s~* under just uniaxial loading, it seems likely that
cracking will occur even before steady state is
reached.

CONCLUSIONS

This paper has (i) presented an orthotropic
elastiec - power law creep model for sea ice, and (ii)
developed and applied a finite element method of
analysis to study the effect of sea ice anisotropy on
indentation in the creeping mode. A pressure-
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insensitive material model was found adequate to
describe the first-year sea ice data considered in
this paper. MNumerical simulations of ice-structure
interaction for a rigid cylindrical indenter under
plane stress conditions, a problem of general
interest for structural concepts in the Arctic, and a
transversely isotropic elastic - power law creep
model for sea ice showed that:

3.

1. Anisotropy, as represented by the stress ratio §)
~. varying between 1 and 5, can cause global forces
to increase by almost 15 percent depending upon
whether the interface condition is fixed (xnfxnxte
adfreeze bond strength), roller, or free {(mo ad-"
freeze bond strength or interface friction). The
factor is 1.10 for the fixed conditionm, 1.12 for
the roller coadition, and 1.13 for the free condi~-
tion.

Anisotropy can cause maximum (peak) normal inter-
face pressures to increase by almost 20 percent
depending upon the interface condition. The fac~-
tor is 1.07 for the fixed condition, 1.16 for the

~

(b} Anisctropic Cose (8:=5)

(g) Isotrovic Cose (8i=1)
-
Fig. 6 - Biaxial Stress States at Steady State
for Free Condition

roller condition, and 1.19 for the free condition.
The interface shear stress for the fixed condition
essentially remains unchanged.

Finite element predictions of global forces and
local pressures differ from a (approximate) modi=-
fied upper bound solution by less than about 10Z
for varying velocity, indenter diameter, and
material constants.

Theoretical predictions of pressure-area curves
under "breakout" conditions provide an excellent
match to measured local pressures.

Anisotropy leads to an increase in the size of the
compression~compression and tension-tension states
of stress on the upstream and downstream sides,
respectively, of the indenter.

Anisotropy leads to decreasing strains for the
roller and free conditions but to almost no change
for the fixed condition. This is associated with
the increase in lateral confinement near the up-
stream and downstream tips of the indenter which
in turn significantly affects the behavior of
transversely isotropic sea ice. Lateral confine-
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ment effects are smaller for the fixed condition
since the infiuence of anisotropy is more evenly
distributed over the interface due to the pres-
ence of interface shear stresses,

The numerical simulations also showed that (i)
even a factor of two uncertainty in velocity will
affect ice pressures only by about 20-30%, and (ii)
the uncertainties in pressures resulting from varia-
bility in the degree of anisotropy is approximately
two to three times less important than the variabil-
ity in the reference power law constants a and N, The
latter constants can lead to ice strengths varying
by a factor of 3-5.

Further research is required to (a) predict the
level of force that can be directly transmitted to
the foundation by a rubble pile, (b) study the in-
fluence of boundary value problems other than "break-
out"” on pressure-area curves, and (c) study the
influence of high confining pressures, temperature
gradients, and fracture in problems of ice-structure
interaction.
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NOMENCLATURE

‘.
>

mio glolw > e

=
|@|w = Pf fmln

~” "
™ <|c-

.

cvw&hh

flq

parameter of power law model in reference
direction

six’ parameters of orthotropic material model

constant equal to aj+as

finite element transformation matrix

linear elastic orthotropic compliance matrix

indenter diameter

linear elastic orthotropic rigidity matrix

Young's modulus for transversely isotropic sea
ice

transformation matrix relating S* to ¢

linear elastic stiffness matrix of finite
element

linear elastic global stiffness matrix

constant equal to 2N/{N+l)

power law exponent

global force on indenter

applied load vector

pseudo deviatoric sttess vector for otthotropxc
material

thickness of ice sheet

time at instant i

nodal displacement vector

approach velocity of ice sheet

parameter in time integrator

five ratios of maximum stress along x, z and the
45° axes on the y-z, x~y and z-x planes,
respectively, to the stress in the reference
y-direction

ratios of stresses or pressures under different
conditions

total strain vector

creep strain vector

effective strainrate measure

plane strain to plane stress conversion factor

associative flow rule constant

Poisson's ratio for transversely isotropic sea
ice

stress vector

effective stress measure

ratio of confining pressure to axial stress

scalar potential function

rate form is represented by a dot above the
symbol



